Abstract photoinhibition occurred. Therefore, CO 2 enrichment can improve acclimation of in vitro-grown plantlets Nicotiana tabacum L. plants grown in vitro were transto ex vitro conditions. ferred to ex vitro conditions and grown for 28 d in a greenhouse under normal CO 2 concentration (C, 330
Introduction the stomatal regulation of gas exchange was better.
Photoautotrophic cultivation of plantlets on medium Leaf photosynthetic rate (A) of elevated CO 2 plants without saccharides enables the promotion of plantlet was similar to that of control plants when both were growth, a higher survival percentage and a reduction of measured under normal CO 2 , but higher when both biological contamination. These plantlets usually need an were measured under elevated CO 2 . The A of elevated elevated CO 2 concentration and a higher photosynthetic CO 2 plants was much higher than the A of control photon flux (PPF ) than conventionally used (for reviews plants when measured under their respective growth see Kozai, 1991; Pospísilová et al., 1992 Pospísilová et al., , 1997 ; CO 2 concentration, which resulted in their higher Buddendorf-Joosten and Woltering, 1994; Jeong et al., growth rate. Chlorophyll a and b contents, and activit-1995; Kozai and Smith, 1995; Kubota et al., 1997) . The ies of whole electron transport chain and of photosys-CO 2 enrichment can be achieved either by using a gas tem (PS) II were not markedly affected by growth under permeable film for vessel closure, by increasing CO 2 E, and the maximum efficiency of PSII measured as concentration around the cultivation vessels, or by direct the ratio of variable to maximum fluorescence was supply of CO 2 into the vessels, for example, by forced even slightly increased. Hence no down-regulation of ventilation. Individual growth parameters are affected by photosynthesis occurred in transplanted plants grown increased CO 2 concentration differently in individual for 4 weeks under E. The contents of b-carotene and plant species and at different ontogenetic stages (Figueira of xanthophyll cycle pigments (violaxanthin+antherax-et al., 1991; Fournioux and Bessis, 1993) , and interactions anthin+zeaxanthin) were lower in E plants. The with other environmental factors, especially PPF and degree of de-epoxidation of xanthophyll cycle pigmedium composition, have to be considered ( Kozai and ments was not changed or was even lower after transfer to ex vitro conditions, which indicated that no Iwanami, 1988; Kozai et al., 1988a, b; Kirdmanee et al., 3 To whom correspondence should be addressed. Fax: +420 2 2431 0113. E-mail: pospisilova@ueb.cas.cz Abbreviations: A, leaf net photosynthetic rate; An, antheraxanthin; C, normal CO 2 concentration (330 mmol mol−1); Car, carotenoids; Chl, chlorophyll; E, elevated CO 2 concentration (1000 mmol mol−1); ETC, electron transport chain; F 0 , initial fluorescence; F m , maximum fluorescence; F v , variable fluorescence; g ab , abaxial stomatal conductance; g ad , adaxial stomatal conductance; g s , total stomatal conductance; PPF, photosynthetic photon flux; PSII, photosystem II; q N , non-photochemical quenching; q p , photochemical quenching; Rfd, ratio of fluorescence decrease; RWC, relative water content; Vi, violaxanthin; Ze, zeaxanthin; W II , quantum yield of PSII.
growth more than a CO 2 concentration of 660 mmol mol−1.
1995; Sallanon et al., 1995; Dü ring and Harst, 1996 Less attention has been paid to CO 2 enrichment during the acclimation of transplanted plants (Desjardins et al., 1987; Hayashi and Kozai, 1987 et al. (1989) . The ratio of fluorescence decrease to the steady-state fluorescence (Rfd) was calculated according to and Skoog medium containing 20 g dm−3 saccharose at a day/night temperature of 25/20°C, a 16 h photoperiod, photoLichtenthaler and Rinderle (1988) . Photosynthetic pigments were determined in acetone extracts synthetic photon flux (PPF, 400-700 nm) of 150 mmol (photon) m−2 s−1, and normal CO 2 concentration in the cultivation of leaf discs by HPLC (Spectra-Physics, San Jose, USA) using a reverse phase column (Sepharon SGX C18, 5 mm particle size, chamber (but a rather low CO 2 concentration inside the cultivation vessels during the light period (Solárová, 1989) .
150×3 mm, Tessek, Praha, Czech Republic). The solvent system was acetonitrile5methanol5water (8051256, by vol.) Three weeks after the last subculture, the plantlets were transplanted into pots with coarse sand and Hewitt (1966) followed by 100% methanol, and the gradient was run from 8-12 min. The flow rate was 1 cm3 min−1 and the detection nutrient solution. The transplanted plants were grown for 28 d in a greenhouse under natural light in two polyethylene wavelength was 445 nm. Photochemical activities of the whole electron transport chain chambers: in the first chamber, CO 2 concentrations was natural (C, 330 mmol mol−1 c. 600 mg m−3), in the other one, CO 2 and of PSII were measured as oxygen evolution using a liquid phase Clark type oxygen electrode (Hansatech, King's Lynn, concentration was increased to 1000 mmol mol−1 (E) during the light period. In a preliminary experiment it was found that UK ). The final Chl concentration was 50 g m−3. Ferricyanide (FeCy) to a final concentration of 6.25 mM was added prior to a CO 2 concentration of 1000 mmol mol−1 promoted tobacco enrichment 121 the measurements, 1,4-phenylene diamine (PD) to a final concentration of 0.5 mM was added during the measurements. The measurements were done at 25°C and PPF of 1200 mmol m−2 s−1 (for details see Pospísilová et al., 1998 ( Fig. 1) . Also stomatal density after transplantation were similar. However, A 1000 was on adaxial and abaxial epidermes was not significantly considerably higher 2 d after transplantation compared affected by E during acclimation to ex vitro conditions with 28 d after transplantation, probably due to the (I Tichá, personal communication). Nevertheless, differabove-mentioned very high g s in the early days and thus ences in water loss curves (Fig. 2 ) between plants grown with an internal CO 2 concentration similar to the under C and E indicated less susceptibility to wilting in external one. detached leaves of E plants due to lower transpiration A 1000 was always higher than A 330 . Therefore, in situ rate and better regulation of gas exchange.
(in the growth chambers) A was considerably higher in plants grown under E, which resulted in their higher growth rate. In addition, the leaf area of plants grown under E was larger and thus A per plant was considerably higher in tobacco plants grown under E. Water use efficiency ( WUE ) was increased in plants grown under E because their A was higher and transpiration rate was similar or slightly lower than in C plants.
Photochemical activities
The activity of whole electron transport chain ( ETC ) and of photosystem II (PSII ) measured 28 d after transplantation were not significantly affected by growth under E ( Table 2) .
Photosynthetic pigments
Chlorophyll (Chl ) a and b contents per unit leaf area were not significantly changed after transfer to ex vitro conditions and the values were similar in plants grown 1988) also increased after transplantation and during further growth ex vitro, especially in E plants ( Table 4) . No statistically significant effect of elevated concentration E. The contents of b-carotene, lutein, neoxanthin, and of CO 2 during measurement was found in both C or E xanthophyll cycle pigments [zeaxanthin ( Ze), antheraxanplants (values not shown). thin (An) and violaxanthin ( Vi)] were increased after transfer to ex vitro conditions only in plants grown under C and therefore were higher than those in plants grown
Discussion under E ( Table 3 ). In consequence, the Chl/Car ratio in Transfer to ex vitro conditions C plants was lower than in E plants and in plantlets grown in vitro.
Adaxial and abaxial stomatal conductance of plantlets grown in vitro and immediately after transplantation to Chl fluorescence ex vitro conditions were very high but gradually decreased during acclimation to ex vitro conditions. These results Chl fluorescence kinetic measurements revealed minor differences among plants grown in vitro and transplanted are in accordance with the previously observed decrease in g ad , g ab , and transpiration rate during acclimation of plants grown under C or E. The photochemical efficiency (F v /F m ) was higher in transplanted plants than in in vitrotobacco plantlets (Pospísilová et al., 1988 (Pospísilová et al., , 1997 , and with the decrease in g s and transpiration rate during grown plantlets. Actual quantum yield of electron flow W II was higher in E than C plants (Table 4) . Photoacclimation of many other plant species (Díaz-Pérez et al., 1995a; Noé and Bonini, 1996; Fila et al., 1998) . The during acclimation to ex vitro conditions ( Table 4) indicating that no photodamage occurred in tobacco plants. importance of the period of decreased relative humidity for the development of functional stomatal apparatus was
Similarly the degree of de-epoxidation of xanthophyll cycle pigments was not changed (in E plants) or was even shown previously (Pospísilová, 1996) . Of course, not only conductance of stomata but also the development of lower (in C plants) after transfer to ex vitro conditions, which indicated that no photoinhibition occurred. cuticle and epicuticular waxes during acclimation to ex vitro conditions contributes to the decrease in epidermal Effect of elevated CO 2 concentration conductance and transpiration rate (for reviews see Pospísilová et al., 1992 Pospísilová et al., , 1997 .
The enhancement of growth under elevated CO 2 concenThe A in leaves of in vitro-grown plantlets did not tration has been observed in many plants, especially C 3 increase significantly after transplantation ( Table 1) . In species (Schulze and Caldwell, 1995; Baker, 1996) . In Solanum and Prunus plantlets, A slightly decreased in the agreement with this, E markedly increased the growth of first weeks after transplantation and increased thereafter transplanted tobacco plants. (Baroja et al., 1995; Trillas et al., 1995) . Three and four Long-term increased atmospheric CO 2 concentration weeks after transplantation, A was considerably increased often, but not always, leads to a large decrease in g s , in Malus and Vitis leaves (Díaz-Pérez et al., 1995b; Fila which is important in water-limited conditions (for et al., 1998) . After transplantation, the 14CO 2 uptake by reviews see Morison, 1987; Bowes, 1993; Field et al. , persistent leaves of Fragaria and Rubus was similar to 1995; Jones and Jongen, 1996) . In transplanted tobacco that of plantlets in vitro or slightly increased, but a plants, g ad and g ab measured under optimal conditions significantly increased 14CO 2 uptake was found in newly was similar in C and E plants, but slightly better regulaformed leaves (Short et al., 1984 ; Deng and Donnelly, tion of gas exchange was observed in E plants. In situ E 1993).
plants had considerably higher A than C plants. However, Chl a and b contents per unit leaf area were not when measured under the same conditions only A 1000 of significantly changed after transfer to ex vitro conditions. plants grown under E for 2 d was significantly higher However, Chl a+b content per unit fresh mass was than that of C plants. slightly higher after the transfer of tobacco plantlets to In many plant species 'down-regulation' of photosynex vitro conditions (Pospísilová et al., 1998) and similarly thesis during long-term growth under CO 2 enrichment after the transfer of Prunus plantlets ( Trillas et al., 1995) .
was observed (for review see Allen, 1994; Reining, 1994; Sage and Reid, 1994; Sharkey, 1994) . The downPhotoinhibition regulation of photosynthesis may be a consequence of (1) decreased stomatal density and partial stomata closure Van Huylenbroeck (1994) and Van Huyelenbroeck et al. (1995) found that exposure of Calathea and Spathireducing the CO 2 transport to the sites of carboxylation, (2) rapid production of photosynthates leading to an phyllum plantlets to high PPF immediately after transplantation caused photoinhibition and even chlorophyll excess amount of starch in the chloroplasts and feedback inhibition of A; this inhibition depends on the availability photobleaching. In the present experiments tobacco plants were grown ex vitro under slight shade caused by a of sinks in the plant and also on the availability of nitrogen to balance the elevated availability of carbon, polyethylene film and so the daily maximum of PPF was usually less than that needed for the saturation of A.
and (3) 
